Abstract : Trotter and Gleser's (1958) Asian equations have most frequently been used for stature estimation of Korean skeletal remains. However, limitations or caveats in using those equations have rarely been argued. This study reviews five issues frequently overlooked in applying the equations and interpreting the outcomes.
Introduction
Stature has extensively been studied as an indicator of health, environmental condition, as well as socio-economic and political circumstances of an individual or population in various fields including paleoanthropology, bioarchaeo logy, and physical anthropology [1] [2] [3] [4] [5] [6] [7] [8] . In addition, stature consists of a crucial aspect of biological profile of unidentified victims in a forensic context [9] [10] [11] [12] [13] .
Stature estimation techniques are generally grouped into two categories: anatomical and mathematical methods [14, 15] . The anatomical methods reconstruct stature by summing up the lengths/heights of all bone elements contributing to a standing height, and taking soft tissue corrections into account [12, [15] [16] [17] . On the other hand, the mathematical methods produce stature estimates using regression equations based on a high correlation between stature and specific body parts [9, 13, 18] . The accuracy of the anatomical method is reportedly higher than the mathematical method [11, 14, 15] because, unlike the mathemati-
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Yangseung Jeong 1 , Lee Meadows Jantz cal method, it does not require any assumptions regarding body proportions [14, 15] . Nevertheless, the applicability of the anatomical methods is often limited because they require complete or nearly complete skeletons [9, 14, 15] . Therefore, the mathematical methods utilizing only a small number of elements are greatly useful when the remains are in a poor condition [9] . However, it should also be noted that the accuracy of the estimates depends on three issues: whether the equations is based on appropriate reference samples, what bone elements are used, and on what type of regression model are the equations based [14, 15] .
Trotter and Gleser's [13, 19] equations are one of the popular mathematical methods. In 1952, Trotter and Gleser [13] devised new equations for American Whites and Blacks 1 . They used the U.S. World War II casualties and skeletal samples from the Terry Anatomical Skeletal collection for male and female equations, respectively. Six years later, using the U.S. Korean War casualties, Trotter and Gleser [19] presented another set of male equations for Asians 2 and Mexicans in addition to American Whites and Blacks. Unlike the 1952 study where equations were generated using average lengths of paired bones, the 1958 study used left and right bones separately. Trotter and Gleser's 1958 equations have been widely utilized particularly in non-Western countries [20, 21] . Based on the preliminary literature review, these equations are the most commonly used technique for stature estimation in Korea. Moreover, the consistency in body proportions of Korean populations through time [20] makes the accuracy of these equations independent of the time periods, to which skeletal remains belong, and has allowed the equations to be applied to both archaeological and forensic settings. Nevertheless, limitations or caveats regarding application of the equations have rarely been argued. The purpose of this study is to review five issues frequently overlooked in using the equations and interpreting the outcomes. This discussion will eventually contribute to enhance accuracy of the final stature estimates by reducing potential errors associated with application of these equations.
Methods
Careful reading of the Trotter and Gleser's [19] original paper and related research articles raised three issues regarding the generation process of the equations: (1) misinterpretation of standard errors, (2) mis-measurement of tibia length, (3) Mathematical error in producing the combined equations. Two additional issues with regard to practices of the equations were noticed while reviewing 33 references published in Korea between the 1960s and 2010s: (1) application to extrapolation/extreme cases, and (2) application to female samples. These references were randomly selected by the first author (Appendix 2). Each of these issues is discussed in the following chapter.
Results and Discussion

Misinterpretation of standard errors
In interpreting standard errors (SE) associated with their equations, Trotter and Gleser [19] explain that "it could be stated with 95% certainty that the actual stature had been between" [a point estimate -2 × SE] and [a point estimate + 2 × SE] (p. 117). However, as Wilson et al. [10] claim, the SE is not a predictive estimator but a point estimator indicating an overall discrepancy between actual values and estimated values around a regression line within a reference sample. It does not provide information about a specific X value but general information about the whole reference sample associated with the equation. Thus, it is inappropriate to directly relate a specific bone length to a specific stature range using the SE. Rather, the prediction interval (PI) should be utilized for this purpose because the PI is calculated based on specific X values [22] . In the case of regression equation with a small sample size and large SE, the PI tends to become wide. Also, X values around the mean of Xs (X) have narrow PIs compared to those away from the mean. Therefore, PIs are expressed as a hyperbola with a narrow width around the X in the Cartesian coordinates [22] . 
Mis-measurement of tibia length
Trotter and Gleser [19] explain that the tibia length should be measured following the description presented in their 1952 study, where the medial malleolus is included (see A in Fig. 1 ). However, as Jantz et al. [23, 24] clearly demonstrated, the authors did not include the malleolus length in tibia measurements in their 1952 study, which resulted in underestimation of the tibia length by 13.6 mm on average. Moreover, bone measurements in their 1958 study were not taken by the authors but other technicians [19] . Although a significant increase in the tibia length was noticed in the 1958 study compared to the 1952 study, the authors attributed the difference to inter-observer errors and an intrinsic difficulty of reproducing tibia measurements rather than inclusion of a malleolus length [19] . Therefore, it is still uncertain whether the malleolus was included in the 1958 study.
Due to the ambiguity of the measurement method, caution is required when using Trotter and Gleser's [13, 19] tibia equations. As Jantz et al. [24] recommend, avoiding the tibia equations will be a preferable option if other long bones are available. However, in the case of the tibia equations being used, researchers should clarify detailed measurement method and make comments about possible errors related to the tibia measurement in Trotter and Gleser [13, 19] .
Mathematical error in producing the combined equations
Between the sidespecific and sidecombined equations presented in Trotter and Gleser [19] , the latter has been more popularly used partly because Trotter [25] listed only the combined ones as recommendable equations. Trotter and Gleser [19] generated the combined equations using sidespecific equations developed in the same study instead of using actual average lengths of bones. The slopes of combined equations were calculated by averaging the slopes of the left and right bone equations. Then, they averaged the means of right and left bone lengths to represent a point in the Cartesian coordinates, through which a line with the slope calculated as above should pass [19] .
However, in theory, averaging slopes of the left and right bone equations does not yield the slope that would be obtained given actual average bone lengths. In Fig. 2 , except at the intersecting point, every single value on the Y axis corresponds to two X values. Line 1 connects the midpoints of the two Xs, which represents the relationship between statures and the average lengths of the left and right bones. However, Trotter and Gleser's [19] combined equations yield Line 2, which bisects two Ys corresponding to a common X value, by averaging two slopes of the [13, 19] definition; (B) actual length measured by Trotter and Gleser [13] .
84 Yangseung Jeong, Lee Meadows Jantz left and right bone equations. Since Line 2 always have a larger slope than Line 1 (see Appendix 1 for mathematical proof), the combined equations underestimate statures for the bones shorter than the intersecting point of the left and right equations, and vice versa. Using sidespecific equations instead of the combined equations will be a preferable alternative to avoid this error. Otherwise, the amount of error should be calculated based on the bone lengths and taken into account in the final stature estimates.
Application to extrapolation/extreme cases
Since Pearson's work in 1899, linear regression method has been the most popular way to develop stature estimation equations [13, 19, 21, [26] [27] [28] [29] [30] [31] . In general, under an assumption of linearity between variables, linear regression analysis 1) describes a pattern of the relationship in a numeric form and/or 2) predicts one variable from another variable. Trotter and Gleser's [13, 19] equations were also generated using the linear regression analysis for a prediction purpose.
In using linear regression equations, extrapolation should be avoided [32, 33] . Extrapolation refers to a situation where a Y value is predicted using an X value that is off the range of a reference sample. Extrapolation may result in a biased result because the relationship between X and Y variables is not necessarily linear outside of the reference sample.
Suppose two variables have a curvilinear relationship as seen in Fig. 3 . If the box denotes a reference sample range, the relationship between variables will be nearly linear in the boxed area regardless of the true relationship. Thus, a Y value corresponding to X1 can be estimated using a linear regression equation derived from the boxed area. However, a significant error will occur if a Y value corresponding to X2 is estimated using the same equation, because the two variables do not have a linear relationship outside of the reference sample range any more.
Even in the case of interpolation, accuracy of an estimate may be compromised as corresponding Xs depart from the mean of a reference sample. Extreme cases yield highly biased estimates particularly when the ordinary least squares (OLS) model is utilized compared to other regression methods [34] . Therefore, it is necessary to check if a target sample is an extreme or extrapolation case with regard to a reference sample by carefully reviewing descriptive statistics of the reference samples. Table 1 presents part of the information for the Asian samples in Trotter and Gleser [19] . The 95% ranges in Table 1 were calculated using the descriptive statistics provided in the original paper. These ranges may be used 
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to determine if a target sample falls in an extrapolation/ extreme case in terms of the reference sample. In case of extrapolation/extreme samples being estimated by these equations, potential errors associated with the estimates should be clearly discussed. Otherwise, it is recommended to find alternative methods rather than using Trotter and Gleser [19] .
Application to female samples
Trotter and Gleser did not provide female equations in their 1958 study. Thus, in the U.S., stature of Asian females is often estimated using the female equations of other ancestry (e.g., equations for White [13] or Mesoamerican females [30]) rather than using Trotter and Gleser's [19] male equations (Jantz, personal communication). However, literature review in this study exhibited that Trotter and Gleser [19] has frequently been utilized for both males and females in Korea.
In general, male equations yield biased estimates for female samples due to the allometry between stature and long bones, and a sexual dimorphism in body proportion 
Conclusion
Researchers do not 'determine' but 'estimate' statures. In the process of estimation, errors due to natural variations of human properties are inevitable. However, the errors associated with generation and application of equations should be minimal. In order to minimize unexpected errors and avoid confusion regarding stature estimates using Trotter and Gleser's [19] Asian equations, five issues were discussed in this study. Some issues (misinterpretation of standard errors, mis-measurement of tibia length, and mathematical error in producing the combined equations) are intrinsically associated with the generation process of the equations, which means that errors are unlikely to be removed even when the authors' instruction is carefully followed. In this case, researchers need to clearly point out these issues and discuss the limitations in their reports to avoid further misunderstanding or confusion. Unexpected errors also occur in the process of application of the equations by expanding the applicability of the equations arbitrarily (extrapolation/extreme cases and application to female samples). This practice compromises accuracy of the final estimates. Moreover, when a compounding error occurs, interpretation of the results becomes more problematic. In this case, it is recommended to calculate and report potential errors along with final estimates with caution. Otherwise, choosing an alternative method may be more appropriate. There is a theoretical error in the process of combined equation development in Trotter and Gleser [19] . For a proof purpose, two slopes are compared each other: one is the slope presented in Trotter and Gleser [19] and the other is the true slope which would be obtained given actual averages of paired bones. In Fig. A-1 , suppose that Y1 and Y2 denote statures of individuals 1 and 2, respectively. In addition, X1R (X2R) and X1L (X2L) denote right and left bone lengths of the individual 1 (2), respectively. For the convenience sake, it is assumed that all bone lengths lie on the regression lines and individual 2 is bigger than individual 1 (i.e., Y2>Y1, X2L>X1L, and X2R>X1R).
In the Cartesian coordinates, slope of a linear line is defined as the ratio of Y's variation to X's variation (i.e., ∆Y/∆ X). Therefore, the slopes of the right and left bone equations can be calculated as below;
Trotter and Gleser [19] 
---------------------------------------------------------
(1) 2(X2R -X1R)(X2L -X1L)
On the other hand, the true slope should be obtained using the average bone length of individual 1 (i.e., 
---------------------------------------
(2) (X2L -X1L) + (X2R -X1R) When substituting A for (X2L -X1L), B for (X2R -X1R), and C for (Y2 -Y1), A, B, and C should have positive values because of the assumption that X2L>X1L, X2R> X1R, and Y2>Y1. Then, which slope is larger can be determined by subtracting formula 2 (i.e., true slope) from formula 1 (i.e., combined-equation slope) as below. In the formula 3, the denominator always has a positive value because A, B, and C are all positive. For the same reason, the numerator is always positive except for the case of A = B. In other words, unless A is equal to B, formula 1 (i.e., combined-equation slope) is always larger than formula 2 (i.e., true slope). Yet, in fact, the situation where A is equal to B is quite unlikely because it presupposes that a difference between left bones (i.e., X2L -X1L) is always the same as a difference between right bones (i.e., X2R -X1R) in any two individuals. Therefore, it can be concluded that the slope of the Trotter and Gleser's [19] combined equations is always bigger than the true slope where actual average lengths of bones are used. 
